Abstract The central nervous system (CNS)
Introduction
The central nervous system (CNS) is extraordinarily well vascularized, which enables a symphony of neural chemistry to perform continually without interruption. The complexity of the CNS necessitates this degree of vascularization, and as would be expected following a span of coevolution, an element of neurovascular coupling has become inherent in the CNS. It is now accepted that neural activity in distinct anatomical brain regions can influence blood flow to that region (Filosa and Blanco 2007; Iadecola and Nedergaard 2007) . CNS cellular residents are all within close proximity of blood vessels, which enables them to communicate with vascular components and dictate their supply needs. A careful balance of nutrient input and efflux is essential to the seamless maintenance of complex chemistry. Despite their juxtaposition to CNS vasculature, neural cells are not simply fed a direct stream of materials emanating from the blood. In contrast to peripheral tissues, the CNS has added layers that protect its underlying cellular constituents from unwanted harm and imbalances. For example, most peripheral blood vessels are fenestrated, meaning that the endothelial cells which comprise these vessels are not tightly sealed. CNS blood vessels are for the most part non-fenestrated and do not allow materials to pass unchecked between endothelial junctions. Non-fenestrated vessels alone might seem like enough to ensure the safety of CNS residents; however, evolution has advanced a step further. Blood vessels that traverse CNS parenchyma are further encased in a second layer of astrocytic foot processes. It is the combination of non-fenestrated endothelium and astrocytic foot processes that gives rise to what is commonly referred to as the blood brain barrier (BBB). The CNS is also bathed in its own fluid (known as cerebral spinal fluid (CSF)) and contains the machinery to produce it (choroid plexus) as well as defined spaces to control its flow and distribution (the ventricular system). It is essential for CNS function that the distinct composition of the CSF be maintained, which is why the CNS is also fitted with a blood-CSF barrier system. Despite exposure to environmental challenges, the CNS barrier systems are remarkably efficient at maintaining steady state neural activity. However, given the degree of vascularization and amount of anatomical specialization devoted to keeping vascular materials spatially segregated, one might predict that the CNS would be prone to disruption or injury following events that compromise barrier systems or impede vascular flow. This is indeed the case, as there are many examples of human diseases linked to CNS vascular and barrier events. One rather extreme example is an acute cerebrovascular attack (or stroke) during which disrupted cerebral blood flow causes a loss in brain function (Donnan et al. 2008) . Epileptic seizures can also stem from a breach in BBB integrity (Fabene et al. 2008) . While there are many diseases linked to CNS vasculature, this review will focus only on those induced by microbial challenges. Numerous microbes can access the CNS, and some of these can reap havoc upon the BBB and blood-CSF barrier either directly or indirectly. Of particular interest are pathogens that trigger our very own immune system to damage barrier structures and induce neurological dysfunction. The CNS and immune systems are heavily intertwined, and a microbe-induced dialogue between the two can sometimes prove fatal. This review is not meant to be an all inclusive summation of every pathogen that induces vascular (or barrier) pathology within the CNS, but rather a critical look at a select group of pathogens and the mechanisms that underlie the CNS vascular pathology they induce. A side-by-side comparison of distinct microbial challenges that give rise to CNS vascular breaches should facilitate identification of pathological commonalities amenable to therapeutic intervention.
Barriers to the brain

Anatomy of the brain
Based on the anatomical location of the brain, several different types of barriers exist to limit the movement of vascular components into the CNS. The brain can simplistically be broken down into three different regions: (1) the meninges, (2) the parenchyma, and (3) the ventricular system. Each compartment possesses unique anatomical features and presents different challenges from the standpoint of thwarting vascular leakage. The outermost region of the CNS, the meninges, is a series of membranes (the dura mater, arachnoid and pia mater) that cover the brain and spinal cord. Between the arachnoid and pia mater membranes is the subarachnoid space. This region is bathed in CSF and contains blood vessels that traverse through the meninges. Due to the lack of glial cells within this region, a barrier between the blood and CSF is presumably maintained though the unique qualities of brain endothelial cells that comprise meningeal vasculature. Beneath the meninges lies the brain parenchyma, which contains neurons and glial cells. It is within this region that the traditional multilayered blood brain barrier exists (Bechmann et al. 2007 ). This barrier relies again on the unique features of brain endothelium as well as a secondary layer made up of astrocytic foot processes. Lastly, the CNS ventricular system is a network of spaces through which CSF flows. In fact, the ventricular system contains the heart of CSF production-a structure referred to as the choroid plexus. Unlike the rest of the CNS, vasculature within this region is fenestrated, similar to peripheral vessels, and the maintenance of a blood-CSF barrier is generated by epithelial cells of the choroid plexus rather than the vascular endothelium (Engelhardt and Sorokin 2009) .
The blood brain barrier
For over a century, the concept of a physical barrier between the blood and the brain has existed. Early experiments in 1885 by Paul Ehrlich demonstrated that administration of an intravital dye resulted in the labeling of peripheral tissues with little staining of the brain (Bechmann et al. 2007; Engelhardt and Sorokin 2009) . Lewandowski then showed that direct application of drugs into the CSF increased sensitivity to lethality at lower doses, suggesting the existence of a CNS barrier (Bechmann et al. 2007; Engelhardt and Sorokin 2009 ). Likewise, a study in 1913 by Goldman demonstrated that injection of intravital dyes directly into the CSF resulted in labeling of the CNS (Bechmann et al. 2007; Engelhardt and Sorokin 2009) . It was later revealed through electron microscopy that there was a physical barrier located at the inter-endothelial junctions of the brain vasculature which prevented the diffusion of a horseradish peroxidase tracer from the blood into the neuropil (Reese and Karnovsky 1967) , thus defining endothelium as an important gatekeeper to the CNS. Collectively, these seminal studies gave rise to the concept now known as the BBB.
The BBB is comprised of an intricate series of layers formed by endothelial cells, basement membranes and astrocytic endfeet. Specialized endothelial cells form the first barrier to the free diffusion of solutes, ions and macromolecules into the brain parenchyma. In contrast to peripheral vessels, brain endothelium lack intracellular fenestrations, have few micropinocytotic vesicles (Reese and Karnovsky 1967) and have an abundance of junctional proteins that essentially seal the inter-cellular endothelial gaps (Forster 2008; Stamatovic et al. 2008) . The endothelial cells also provide an acellular layer of protection through the deposition of a basement membrane, which includes laminin α4 and α5 chains (Sixt et al. 2001; Wu et al. 2009 ). Laminin α5, in particular, can block lymphocyte extravasation, indicating a protective role in neuroinflammation (Wu et al. 2009 ). Smooth muscle cells and pericytes are embedded in the outer vascular basement membrane in arterioles and venules. In capillary regions, where smooth muscle cells are absent, pericytes can control constriction of the microvasculature resulting in altered blood flow (Yemisci et al. 2009 ). Another layer of protection is formed by the parenchymal basement membrane found at the astrocytic endfeet (Alcolado et al. 1988; Engelhardt and Sorokin 2009; Zhang et al. 1990 ). The composition of this matrix is unique from the vascular basement membrane and contains laminin α2 and laminin α1 (Engelhardt and Sorokin 2009; Sixt et al. 2001) . As a result, infiltrates that extravasate through the endothelial basement membrane may become "trapped" in the perivascular space, unless enzymes, such as matrix metalloproteinase (MMP)-2 and MMP-9, are available to disrupt this alternative set of basement membrane molecules (Agrawal et al. 2006; Bechmann et al. 2007 ). Finally, the last major cellular component of the BBB is comprised of astrocytic endfeet that physically occlude the movement of cells. Astrocytic endfeet together with the parenchymal basement membrane is referred to as the glial limitans (Bechmann et al. 2007 ). The anatomical features of the BBB are slightly altered between the pre-and post capillary vessels versus the capillaries themselves.
Endothelial cell-cell contact
Maintenance of a normal neuronal function relies on the ability to maintain differential solute concentrations between the CSF and the blood plasma (Abbott et al. 2009 ). To generate a sufficient barrier to the free diffusion of ions, macromolecules and cells into the brain parenchyma, the intercellular spaces between CNS vascular endothelial cells must be tightly regulated. This is accomplished though the formation of junctional complexes, including tight junctions (TJ) and adheren junctions (AJ), that provide a physical barrier at the inter-endothelial junctions. Tight junctions impede paracellular movement of ions, solutes and macromolecules and have a high electrical resistance of ∼1,800 Ωcm 2 (Butt et al. 1990 ), whereas adheren junctions provide structural support to initiate and maintain intercellular contact (Abbott et al. 2009; Gonzalez-Mariscal et al. 2003; Stamatovic et al. 2008; Wolburg and Lippoldt 2002) . In both TJ and AJ, transmembrane proteins allow for intercellular interactions and associate with cytoplasmic plaque proteins that link the transmembrane proteins with signaling cascades and the actin cytoskeleton (Forster 2008; Gonzalez-Mariscal et al. 2003; Stamatovic et al. 2008; Wolburg and Lippoldt 2002) .
TJ contain three major types of transmembrane proteins: occludin, claudin and junction-associated adhesion molecules (JAMs). Occludin was the first identified transmembrane protein of the TJ complex (Ando-Akatsuka et al. 1996; Furuse et al. 1993) . Structurally, it contains four transmembrane domains, two extracellular loops, and two cytoplasmic tails. The C-terminal intracellular portion of occludin interacts with numerous cytoplasmic proteins including zonula occludins (ZO-1,-2,-3), PKC, and F-actin (Andreeva et al. 2006; Furuse et al. 1994; Haskins et al. 1998; Itoh et al. 2001; Lai et al. 2005; Peng et al. 2003; Stamatovic et al. 2008) . Although occludin is found in the TJ complex, genetic deletion revealed that it is not necessary for the formation of functional tight junctions (Saitou et al. 1998; Saitou et al. 2000) . Like occludin, claudins are not necessary for tight junction formation; however, claudin proteins play a critical role in barrier function (Nitta et al. 2003; Stamatovic et al. 2008) . Claudins are structurally similar to occludin and contain four transmembrane domains with cytoplasmic N and C termini (Gonzalez-Mariscal et al. 2003; Stamatovic et al. 2008 ). The C terminus associates with numerous cytoplasmic plaque proteins including MUPP1, ZO-1,-2,-3 and PATJ (Hamazaki et al. 2002; Itoh et al. 1999; Roh et al. 2002) . In the brain endothelium, expression of several claudins, including claudins-5, 12 and 3, have been detected Nitta et al. 2003; Wolburg and Lippoldt 2002; Wolburg et al. 2003) . Importantly, deletion of claudin 5 resulted in a "loosening" of the BBB allowing for passage of small molecules (<800D), but not larger molecules, (Matter and Balda 2003; Nitta et al. 2003) despite the formation of tight junctions. Therefore, control of free diffusion and size selectivity may be dictated by the composition of claudins expressed in the endothelium. Finally, JAM proteins are immunoglobulin family proteins that have been shown to interact with occludin and cytoplasmic proteins, such as ZO-1, cingulin and Par3 (D'Atri and Citi 2002; Itoh et al. 2001; Liu et al. 2000; Stamatovic et al. 2008) . Relatively little is known about the contribution of JAM proteins to the diffusion barrier. However, JAM proteins have been implicated in leukocyte transmigration through the intercellular endothelial space, making them critical players during states of neuroinflammation (Bradfield et al. 2007; Chavakis et al. 2004; Johnson-Leger et al. 2002; Ostermann et al. 2005; Ostermann et al. 2002) . Together these three families of transmembrane proteins form the tight junctional complex which surrounds the apical side of the endothelium, limits endothelial permeability, and creates the first inter-endothelial cell barrier to leukocyte extravasation into the brain.
Adheren junctions initiate (Weis and Nelson 2006 ) and maintain endothelial cell-cell adhesion through the interactions of Ca 2+ -dependent cadherins. Endothelial cells express both vascular endothelial (VE)-cadherin and neuronal (N)-cadherin, although only VE-cadherin expression is restricted to the endothelium (Lampugnani et al. 1997) . Deficiency in VE-cadherin results in endothelial detachment from neighboring cells and basement membrane components, ultimately resulting in embryonic lethality due to severe vascular defects (Carmeliet et al. 1999; Gory-Faure et al. 1999) . Additionally, deletion of the VE-cadherin associated phosphatase, VE-protein tyrosine phosphatase (VE-PTP), results in altered vascular development (Baumer et al. 2006; Dominguez et al. 2007) , indicating that alterations in the phosphorylation state of VE-cadherin can critically impact endothelial adhesion. Cytoplasmic plaque proteins associated with AJ include, α-catenin, β-catenin, plakoglobin (also known as γ-catenin) and p120 (Nyqvist et al. 2008; Stamatovic et al. 2008; Weis and Nelson 2006) . Cadherins bind directly to β-catenin and plakoglobin, which subsequently bind to α-catenin (Aberle et al. 1994; Weis and Nelson 2006; Yamada et al. 2005) . It is thought that increases in cadherin clustering results in elevated local concentrations of α-catenin, which then dimerize, bind to actin filaments and inhibit the Arp2/3 complex resulting in decreased actin branching and induction of filament bundling (Weis et al. 2004; Yamada et al. 2005) . AJ interactions may therefore dictate endothelial cell-cell adhesion through the ability to modify cytoskeletal organization. Interestingly, it was also recently shown that VE-cadherin interactions can upregulate claudin-5 expression, indicating that AJ formation can have a direct impact on tight junction complexes as well (Taddei et al. 2008) . Therefore, AJ can alter barrier function indirectly by regulation of TJ proteins and directly by affecting cell adhesion through cytoskeletal rearrangments.
Microbial challenges to CNS vascular integrity
Cerebral malaria
Malaria is one of the more serious infectious diseases, with estimates of over 300 million cases worldwide and over a million deaths each year. Malaria is caused by protozoan parasites, of the genus Plasmodium, that are transmitted from infected female Anopheles mosquitoes to human hosts. After inoculation, sporozoites rapidly traffic to the liver and reside within hepatocytes in a benign manner. Following a week of replication, merozoites are released into the bloodstream and infect erythrocytes (Tuteja 2007) , at which point clinical manifestations begin to emerge. Microvascular sequestration of parasitized red blood cells (PRBCs) and ensuing immune responses contribute to the disease process. Of the four major species of Plasmodium (Plasmodium ovale, Plasmodium vivax, Plasmodium malariae and Plasmodium falciparum) that infect humans, P. falciparum is associated with the most severe disease and can result in cerebral malaria (Schofield and Grau 2005) . Because P. falciparum does not infect murine hosts, different Plasmodium species, including Plasmodium chabaudi, Plasmodium yoelii, Plasmodium vinckei and Plasmodium berghei are used to study antimalaria responses (Stevenson and Riley 2004) . Plasmodium berghei ANKA, in particular, is used as the model species for fatal murine cerebral malaria. In both human and murine hosts, cerebral malaria can result in BBB breakdown, an event that can potentially alter neuronal function.
During cerebral malaria, the endothelial barrier is often compromised by interactions with PRBCs as well as innate and adaptive immune responses. The culmination of these events results in vascular breakdown and mortality. One of the early steps in cerebral malaria is the sequestration of PRBCs in brain microvasculature. P. falciparum parasitized RBCs express erythrocyte membrane protein 1 (EMP1) that can adhere to a variety of endothelial surface receptors, including intercellular adhesion molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1), CD31, CD36, endothelial cell selectin (E-selectin), hyaluronic acid, chondroiton sulfate and thrombospondin (Craig and Scherf 2001; Ho et al. 2000; Schofield and Grau 2005) . In human endothelial lines, adherence of P. falciparum PRBCs results in Rho kinase signal transduction and apoptosis of endothelial cells (Pino et al. 2003a, b; Taoufiq et al. 2008) . Moreover, ICAM-1 ligation of endothelium was shown to cause stress fiber formation through cytoskeletal rearrangements (Etienne-Manneville et al. 2000) , providing another potential mechanism by which PRBC adherence alters vascular permeability. Emergence of merozoites from PRBCs and release of parasitic products, including glycosylphosphatidylinositol (GPI), induces expression of ICAM-1, VCAM-1 and E-selectin on vascular endothelium and increases macrophage proinflammatory cytokine production (Schofield and Hackett 1993) further priming the endothelium. GPI also results in expression of inducible nitric oxide synthase (iNOS) in endothelial cells and macrophages , increasing nitric oxide production (NO). Cytotoxic peroxynitrite (ONOO − ) (Pacher et al. 2007 ) can then be formed by NO interactions with super oxide anion O2 − resulting in cell death. In fact, reduction of oxidative stress through blockade of O2 − activity decreases endothelial apoptosis during PRBC cytoadherence (Pino et al. 2003a, b) . Therefore, PRBC and its bioactive products amplify the response and utilize multiple pathways to begin the process of vascular breakdown during cerebral malaria. Although PRBC sequestration is necessary, it is not known to be sufficient for cerebral malaria induction. Examination of both humans and mice revealed that platelets and leukocytes are also retained within the microvasculature of the brain (Biswas et al. 2007; Combes et al. 2006; Curfs et al. 1993; Faille et al. 2009; Grau et al. 2003; Hunt and Grau 2003; Ma et al. 1996; Patnaik et al. 1994; Schofield and Grau 2005) . Platelet activation has a multitude of effects including IL-1-mediated endothelial ICAM-1 upregulation (Hawrylowicz et al. 1991) , altered endothelial integrity (Combes et al. 2006; Wassmer et al. 2006a, b) and increased PRBC cytoadherence via platelet microparticles (Combes et al. 2006; Faille et al. 2009 ). Recently, platelets were also shown to release platelet factor 4 (PF4 or CXCL4) during cerebral malaria, resulting in T cell recruitment and Tumor necrosis factor alpha (TNF-α) release by macrophages (Srivastava et al. 2008) , which are also sequestered in the brain microvasculature in close proximity to activated platelets (Hunt and Grau 2003) . During cerebral malaria, both TNF-α and CCL2 (MCP-1) (Hanum et al. 2003) are expressed in the brain. These macrophage associated proteins have the capacity to increase endothelial permeability by altering junctional protein expression and could therefore contribute to BBB breakdown (Angelini et al. 2006; Brett et al. 1989; Dimitrijevic et al. 2006; Gertzberg et al. 2007; Goldblum et al. 1989; Martinez-Estrada et al. 2005; McKenzie and Ridley 2007; Ozaki et al. 1999; Stamatovic et al. 2006; Stamatovic et al. 2003; Stamatovic et al. 2009; Stamatovic et al. 2005; Stolpen et al. 1986) .
In murine models of cerebral malaria, several other innate cells including neutrophils, NK, NKT and δγ T cells have been implicated in the disease process through their ability to produce interferon gamma (IFN-γ) or through the induction of a Th1 environment Hansen et al. 2007; Hansen et al. 2005; Hensmann and Kwiatkowski 2001) . NK cell IFN-γ production results in increased CXCR3 expression on T cells (Hansen et al. 2007 ) allowing for recruitment into the CNS towards endothelial expressed chemokines including CXCL9, CXCL10 (IP-10) and CXCL11. Resistance to cerebral malaria in animals deficient in CXCR3 or CXCL10 is associated with decreased T cell infiltrates in the brain (Campanella et al. 2008; Miu et al. 2008; Nie et al. 2009 ) and strain susceptibility correlated with CXCR3 expression (Van den Steen et al. 2008) . Likewise, proinflammatory cytokines, including IFN-γ and LT-α, are involved in leukocyte recruitment and blockade or genetic deletions that inhibit these responses also impede the development of cerebral malaria (Amani et al. 2000; Belnoue et al. 2008; Engwerda et al. 2002; Grau et al. 1989; Lucas et al. 1997; Piguet et al. 2002) .
Studies in animal models have revealed that induction of cerebral malaria is ultimately dependent on the presence of an adaptive immune response (Finley et al. 1982) . Both CD4 + and CD8 + T cells are thought to be involved in the disease process (Schofield and Grau 2005) ; however, early but not late depletion of CD4 + T cells decreases disease incidence, suggesting that CD4 + responses may only be critical during the priming phase of the response (Belnoue et al. 2002) . Sequestration of CNS CD8 + T cells results in induction of vascular permeability and cerebral malaria in a perforin dependent manner (Nitcheu et al. 2003; Potter et al. 1999 ), which appears to be intimately linked to disease. Although similar levels of IFN-γ RNA levels were found in perforin −/− CD8 + cells (Nitcheu et al. 2003) , recent studies in another pathogen model revealed that perforin −/− CD8 + cells have decreased IFN-γ at the protein level (Storm et al. 2006) . Since IFN-γ can alter endothelial permeability through decreased occludin expression (Oshima et al. 2001) , reduced BBB breakdown observed in perforindeficient mice might reflect a combined deficiency in IFN-γ production as well as perforin-mediated cytotoxicity. Nevertheless, it is clear that cerebral malaria is a serious CNS disorder resulting from the pathogenic convergence of high jacked red blood cells as well as a vigorous antiparasite immune response mounted by the infected host.
Viral hemorrhagic fevers
Viral hemorrhagic fevers (VHF) cause global, multi-organ vascular alterations during the course of infection. A variety of viral families can induce hemorrhagic fevers including filoviridae (Ebola, Marburg), arenaviridae (Lassa), flaviviridae (Dengue) and bunyaviridae (Rift valley fever) (Aleksandrowicz et al. 2008; Chen and Cosgriff 2000) . Filoviruses, the prototypic inducers of VHF, are enveloped negative single stranded RNA viruses that can reach lengths of 800-1,400 nm and include two genera: Marburgvirus and Ebolavirus. The latter can be further subdivided into Zaire, Sudan, Ivory Coast or Reston Ebolavirus species (Aleksandrowicz et al. 2008; Feldmann et al. 2003) . Initial manifestations of filovirus infections include fever, nausea, abdominal pain, vomiting and headache with progression into the terminal stage 7-16 days post-infection. Symptoms at the terminal stage include coma, shock, hemorrhage and vascular permeability (Bwaka et al. 1999; Colebunders and Borchert 2000; Zampieri et al. 2007 ). Both Zaire and Sudan Ebolavirus species are highly pathogenic with mortality rates reaching 50-88% of infected individuals (Chen and Cosgriff 2000; Hensley and Geisbert 2005) , and currently there is no available treatment for infection. Ebolavirus encodes proteins involved in viral replication, target binding and blockade of immune responses. Specifically, genes encoding nucleoprotein, glycoprotein (GP), viral polymerase and virion protein 35 (VP35), VP40, VP30 and VP24 are found within the Ebola genome (Feldmann et al. 2003) . Numerous surface proteins, including Tyro3 family members, integrins, C-type lectin members DC-SIGN and hMGL, folate receptors and TREM-1 have been implicated in enhancing filovirus cellular entry, some of which bind directly to the Ebolavirus GP (Feldmann et al. 1996; Mohamadzadeh et al. 2006; Shimojima et al. 2006; Simmons et al. 2003; Takada et al. 2004 ). These receptors aid in the targeting of DCs, macrophages, monocytes and neutrophils during filovirus infection (Bosio et al. 2003; Feldmann et al. 1996; Geisbert et al. 2003; Mohamadzadeh et al. 2007; Mohamadzadeh et al. 2006; Ryabchikova et al. 1999; Stroher et al. 2001) , which results in both immunosuppression and pathogenesis. Early in the response, Ebolavirus VP24 and VP35 proteins block interferon α/β production in infected cells, effectively crippling the generation of an anti-viral cellular environment (Cardenas et al. 2006; Gupta et al. 2001; Jin et al. 2009; Prins et al. 2009; Reid et al. 2007) . Additionally, dendritic cell function is critically impaired after filovirus infection, as evidenced by diminished production of IL-12, IL-1β, TNF-α, IFN-α and IFN-β, decreased surface expression of CD40, CD80, CD86 and MHC II and a reduced capacity to stimulate allogenic T cells (Bosio et al. 2003; Jin et al. 2009; Mahanty et al. 2003; Mohamadzadeh 2009 ). Consequently, the inability to effectively prime the adaptive response in conjunction with intravascular apoptosis of B cells, CD4 + cells and CD8 + T cells (Baize et al. 1999; Bradfute et al. 2007; Geisbert et al. 2003; Gupta et al. 2007; Mohamadzadeh et al. 2007; Reed et al. 2004; Sanchez et al. 2004 ) results in uncontrolled viremia and death.
While filovirus infection impairs anti-viral responses, it also orchestrates the induction of a proinflammatory cytokine storm. Both Ebola and Marburg viral infection of macrophages or monocytes elicit the production of TNF-α, IL-6, IL-8 and gro-α (Stroher et al. 2001 ) within hours of infection. Additionally, fatal cases of human Ebolavirus infection have been associated with increased serum levels of IFN-γ and TNF-α. (Villinger et al. 1999) . Recently, TLR4 ligation by the Ebolavirus GP has been implicated in the production of proinflammatory cytokines from monocytic cell lines, suggesting that TLR4 acts as a sensor for filovirus infection. In addition to proinflammatory cytokine production, infected macrophages show increased production of chemokines such as CCL5, CCL3 and CCL2 (Gupta et al. 2001) , allowing for elevated trafficking of other myelomonocytic cells to sites of infection. TREM-1 triggering of neutrophils also contributes to the proinflammatory milieu through the production of cytokines IL-1, IL-6, TNF-α and chemokines CCL3 and CCL2 (Mohamadzadeh et al. 2006) . Therefore, filoviral infection can cause increased vascular permeability indirectly through the induction of myelomonocytic cytokine and chemokine production. In accordance with this notion, supernatants from Marburg infected macrophage/monocytes resulted in enhanced vascular permeability (Bockeler et al. 2007; Feldmann et al. 1996) via TNF-α release. Exposure to IFN-γ, TNF-α or TNF-α plus H 2 0 2 , resulted in decreased VE-cadherin and plakoglobin organization, interendothelial gap formation, decreased transendothelial electrical resistance and increased water permeability (Bockeler et al. 2007; Feldmann et al. 1996) . Therefore, cytokine release is a critical event that can influence endothelial barrier function.
Filoviruses also have the means to directly disrupt vascular permeability by infecting endothelial cells (Geisbert et al. 2003; Yang et al. 1998 ). Binding of Ebola virus glycoprotein to 293T and endothelial cell lines diminishes cellular adherence (Chan et al. 2000; Simmons et al. 2002) and in some cases has been proposed to cause endothelial damage (Yang et al. 1998) . Ebola virus VP40 in conjunction with GP1 and GP2 also induces expression of ICAM-1 and VCAM-1, increases actin stress fiber formation and decreases endothelial barrier function (Wahl-Jensen et al. 2005) . Adhesion molecule expression may further amplify the disease process by enhancing recruitment of infected myelomonocytic cells to the vasculature, allowing for coordination of both direct and indirect mechanisms of vascular permeability at sites of infection.
Theiler's murine encephalomyelitis virus
Multiple sclerosis (MS) is a chronic demyelinating CNS disease that is associated with local inflammation. In order to gain insights on the contribution of the immune response during MS, murine models including experimental autoimmune encepholmyelitis and Theiler's murine encephalomyelitis virus (TMEV) infection have been utilized to recapitulate important aspects of disease. TMEV is a single stranded, positive RNA virus of the picornaviridae family (Oleszak et al. 2004; Ozden et al. 1986; Pevear et al. 1987) . Several strains of TMEV, including GDVII, FA, BeAn and DA, exist and induce either acute encephalitis (GDVII, FA) or a late chronic demyelinating disease (BeAn and DA) (Lipton 1980) . After intracerebral inoculation of TMEV, the virus infects numerous cellular targets including macrophage/monocytes, astrocytes, microglia, endothelial cells and oligodendrocytes (Clatch et al. 1990; Qi and Dal Canto 1996; Zheng et al. 2001; Zurbriggen and Fujinami 1988) . During both early (days 3-12) and late stages of disease (days 30-40) leukocytic infiltrates, including CD4 + and CD8 + T cells, macrophage/monocytes and B cells, are observed in the CNS (Oleszak et al. 2004) . Clinical manifestations of disease (i.e. hind limb paralysis, ataxia, etc.) occur during the late phase as a result of extensive demyelination and axonal loss (Oleszak et al. 2004) .
Recently, modulation of TMEV-specific anti-viral immunity through peptide vaccination was shown to result in a novel model of CNS vascular permeability (Johnson et al. 2005; Johnson et al. 2007 ). Since general TMEV pathogenesis has been reviewed thoroughly elsewhere (Brahic et al. 2005; Kim et al. 2005; Oleszak et al. 2004 ), we will instead focus on the peptide-induced model of TMEV fatality due to its hallmark feature of BBB breakdown. Infection of TMEV-resistant mice (e.g. C57BL/6) with the Daniel's strain of the virus results in the generation and CNS recruitment of CD8 + T cells, the majority (∼70%) of which are specific to a single viral epitope (H-2D b VP2 121-130 ) (Johnson et al. 2005) . Notably, intravenous administration of the VP2 121-130 peptide on day 7 post-infection at the peak of the CTL response results in a fatal syndrome 24 hours later that is dependent on perforin expression and H-2D b VP2 121-130 restricted CD8 + T cells (Johnson et al. 2005) . This acute fatal disease process is accompanied by extensive CNS vascular leakage, microhemorrhages, demyelination, glial cell activation and paralysis (Johnson et al. 2005; Johnson et al. 2007; Pirko et al. 2008; Suidan et al. 2008 ). In the absence of perforin, VP2 121-130 peptide administration failed to induce both glial activation and vascular leakage, indicating that perforin expression is critical for the disease process.
Vascular leakage during this fatal syndrome is also associated with transient alterations in the tight junction proteins, claudin-5 and occludin, with large decreases in the latter protein occurring at 4 and 12 h post-peptide administration . Decreased TJ expression and increased vascular permeability precede caspase-3 activation observed in isolated blood vessels, suggesting that junctional rearrangement, rather than cell death, mediates BBB breakdown. Overall, these studies nicely demonstrate the dangers associated with over-stimulating a CTL response directed against a CNS virus, and further research in this model should enhance our mechanistic understanding of how CD8 + T cells can facilitate rapid BBB breakdown.
Lymphocytic choriomeningitis virus
Development of viral meningitis represents a unique challenge to CNS vasculature because inflammation occurs within the meningeal space where blood vessels lack the multi-layered protection of the BBB. Lymphocytic choriomeningitis virus (LCMV) is a negative strand RNA virus of the arenaviridae family that is a natural murine and human pathogen (Lledo et al. 2003) . Depending on the strain, dose and route of infection, LCMV initiates diverse responses and outcomes including viral clearance, viral persistence, and immune-mediated fatality. Intracerebral LCMV infection results in the development of acute fatal meningitis 6-7 days post-infection that is associated with severe convulsive seizures-a hallmark feature of the disorder Kang and McGavern 2008; . LCMV was shown to infect specialized epithelial cells (e.g. ependyma and choroid plexus) as well as meningeal cells (Fig. 1a) (Cole et al. 1971; Doherty and Zinkernagel 1974; Kim et al. 2009; Schwendemann et al. 1983) , but very few cells within the brain parenchyma. Virus-specific CD8 + T cells are essential for disease induction and are massively recruited into the CNS on day 6 post-infection (Fung-Leung et al. 1991) , at which point increased vascular CNS permeability and seizure induction become apparent Kim et al. 2009; Marker et al. 1984) . During meningitis, primed virus-specific CTL express both LFA-1 and VLA-4 which enable them to interact with ICAM-1 and VCAM-1 expressed on activated CNS endothelium (Andersson et al. 1994; Andersson et al. 1995; Christensen et al. 1995; Kang and McGavern 2008; Marker et al. 1995; Nansen et al. 2000) . Increased expression of chemokines such as CCL2, CCL3, CCL4, CCL5 and CXCL10 mRNA are coordinately upregulated in the brain on day 6 post-infection when significant leukocytic infiltration is observed (Asensio and Campbell 1997; Kim et al. 2009 ). At this time point, the CNS of LCMV-infected mice are massively infiltrated by monocytes, dendritic cells, and neutrophils in addition to CD8 + T cells. This immune infiltration, which is mobilized to ward off the invading virus, results in a fatal neurological disorder-the disease for which LCMV is named.
Although CD8 + T cells are required for LCMV-induced meningitis, it was unclear how CTL effector mechanism(s) contributed to disease pathogenesis or whether secondarily recruited innate immune cells (e.g. monocytes and neutrophils) were responsible for any of the CNS injury observed in this model. We, therefore, initiated studies to elucidate the role of CTL during meningitis and to identify the mechanism(s) by which CD8 + T cells induced vascular breakdown in the meninges. Intracerebral infection of mice with single deficiencies in major CTL effector pathways (i.e. Fas, Fas ligand, perforin, IFN-γ receptor, TNF-α, and degranulation) revealed the curious observation that none of these pathways alone were responsible for fatal convulsive seizures and death (Kang and McGavern 2008; Kim et al. 2009; Nansen et al. 1998; Storm et al. 2006; Zajac et al. 2003) , raising the possibility that this classic CTLdependent disorder might rely in part on other immune cell subsets. To gain novel insights into the disease process, we illuminated the surface of LCMV-infected brains using intravital two-photon microscopy (TPM) (Figs. 1, 2) . This exciting approach vastly improved our understanding of the disorder by allowing us to watch immune cell subsets in real time as they injured the virus-infected brain. We began our studies by monitoring the CNS-infiltrating virus-specific CTL known to be required for disease induction (Fig. 1b-d) . This was accomplished by seeding adult mice with naïve green fluorescent protein (GFP)-tagged T cell receptor transgenic (TCR-tg) CD8 + T cells specific to the LCMV glycoprotein (D b GP 33-41 ) (referred to as GFP + P14 cells). Visualization of GFP + P14 cells on the brain surface of symptomatic mice at day 6 post-infection revealed that these cells localized primarily to the meningeal space, which was in accordance with published confocal data (McGavern et al. 2002) . TPM further revealed that GFP + P14 cells were highly dynamic (moving at average speeds of 3.4 µm/min) and often associated with meningeal vasculature (Fig. 1b) . The majority of virus-specific CTL exhibited a motile behavior, suggesting that few stable synapses were formed during the process of meningitis. Interestingly, we also observed that the activities of virus-specific CTL at the peak of disease did not appear to be directly linked to massive breaches in vascular integrity, which were visualized by monitoring quantum dot efflux from meningeal blood vessels into the subarachnoid space using TPM (Fig. 1c,d ). Massive vascular leakage coincided temporally with the onset of convulsive seizures and could induce fatalities in two ways. First, breakdown of meningeal vasculature, which comprises a component of the blood-CSF barrier, causes fluid to build up within the subarachnoid space. This can give rise to a dangerous condition wherein fluid accumulates to an intolerable level within the confines of the skull resulting in herniation and death. Evidence for this mode of fatality is supported by a recent study that used MRI to demonstrate that edema was only detected in the brains of LCMVinfected mice at the terminal stage of disease (Matullo et al. 2009 ). This study further demonstrated that death was associated with unilateral papillary dilation (indicative of uncal herniation) and breakdown of the ventricular system. Simultaneous breakdown of meningeal blood vessels and ventricular epithelium is likely a fatal combination that stresses the ventricular system beyond its capacity. Fig. 1 Distribution of virus and anti-viral CTL during LCMVinduced meningitis. a A representative 3D reconstruction from a two-photon z-stack depicts widespread LCMV infection (red) of the meningeal stromal network (green) at day 6 postinfection. b At this time point, virus-specific CTL (green) can be found throughout the meningeal space and are often aggregated along meningeal blood vessels (red). Blood vessels were visualized by injecting quantum dots (red) intravenously before performing two photon imaging experiments. Second harmonic signal corresponding to skull bone is shown in blue for anatomical purposes. c-d Snapshots of 3D time lapses illustrate the position of antiviral CTL (green) and the integrity of meningeal blood vessels (red) at day 5 (asymptomatic) (c) and day 6 (symptomatic) (d) post-LCMV infection. Note that the quantum dots are contained within meningeal blood vessels at day 5, but leak heavily into the subarachnoid space at day 6. White arrows denote injured blood vessels Another factor contributing to disease severity during LCMV-induced meningitis is disruption of the BBB itself. The anatomical positioning of immunopathology in LCMV infected brains is largely dictated by viral tropism. Following intracerebral inoculation, LCMV replicates primarily in meningeal stromal cells (Fig. 1a) (Kim et al. 2009 ) as well as specialized epithelial cells residing in the ventricular system and the choroid plexus. This explains the profound breakdown of the blood-CSF barriers. However, several groups have reported that the BBB is also disrupted during LCMV-induced meningitis (Kim et al. 2009; Marker et al. 1984; Matullo et al. 2009 ), and it is known that breakdown of the BBB alone can result in seizures (Marchi et al. 2007) . Therefore, while BBB breakdown might not be the sole factor responsible for fatalities in this model (Matullo et al. 2009 ), this event likely contributes to neurological complications such as seizures and might in fact enhance the probability of a fatal outcome.
In light of our TPM data demonstrating infrequent stable CTL contact formation, it was not surprising that CTL effector pathways were not responsible for rapid onset fatal convulsive seizures in this model (Kim et al. 2009 ). We, therefore, investigated whether virus-specific CD8 + T cells could breach the meningeal blood-CSF barrier through an alternative mechanism. Previous studies demonstrated that CD4 + T cells (Dixon et al. 1987 ), B cells (Johnson et al. 1978) and NK cells (Allan and Doherty 1986) were not required for the disease process, and, consequently, were unlikely mediators Fig. 2 Influx of innate immune cells contributes to meningeal vascular injury. a An electron micrograph captured using brain tissue from a mouse at day 6 post-infection reveals the presence of neutrophils (white asterisks) and monocytes/macrophages (black arrow) near a meningeal blood vessel. b A snapshot from a 3D time lapse of a day 6 infected LysM-GFP mouse shows neutrophil (green) extravasation from a meningeal blood vessel and the associated leak of vascular material (red). Note that the quantum dots (red) are no longer found exclusively within the meningeal blood vessel. c In LysM-GFP mice depleted of neutrophils, the remaining cells (presumably monocytes/macrophages) (green) localized perivascularly and were also associated with quantum dot leakage (red) from meningeal blood vessels. d A representative 2D confocal image shows evidence of BBB breakdown. In day 6 mice Evans blue (red) was found within the brain parenchyma. A meningeal blood vessel is shown in green (white arrow). Note that Evans blue is not contained to the space adjacent to the meningeal blood vessel but has spread into the parenchyma. Cell nuclei are shown in blue for anatomical purposes of vascular injury. However, a role for CNS-infiltrating monocytes and neutrophils had not been evaluated. Kinetic analyses revealed a massive influx of myelomonocytic cells (i.e. monocytes and neutrophils) that coincided with the arrival of CTL on day 6 post-infection (Fig. 2a) (Kim et al. 2009) . Additionally, it was demonstrated that CNS-infiltrating virus-specific CTL produced at least three chemokines (CCL3, 4, and 5) that can recruit myelomonocytic cells, which suggested that CTL directly participated in myelomonocytic cell influx into the CNS. This supposition was supported by data showing that late CD8 + T cell depletion reduced myelomonocytic cell recruitment into the CNS.
To determine the contribution of myelomonocytic cells to disease pathogenesis, we visualized these cells by TPM in infected lysozyme M-GFP (LysM-GFP) mice (Faust et al. 2000) (Fig. 2b,c) . Interestingly, it was first noted in LysM-GFP mice that a population of myelomonocytic cells (later determined to be neutrophils) synchronously extravasated from meningeal blood vessels at the peak of LCMV meningitis (day 6), which resulted in severe and sustained vascular leakage (Fig. 2b) (Kim et al. 2009 ). Depletion of neutrophils in LysM-GFP mice further revealed that the remaining cells (presumably monocytes/macrophages) localized to perivascular regions and were associated with transient alterations in the vascular integrity (Fig. 2c) . These data suggest that neutrophils and monocytes share the ability to mediate vascular injury and compromise the blood-CSF barrier during LCMV-induced meningitis. Neutrophils are known to induce edema following influx into peripheral tissues (DiStasi and Ley 2009); however, this edema is better tolerated there because the spaces are less confined and not as prone to compression injury. Rapid induction of edema in the brain can be fatal because the skull is an inflexible barrier. During LCMV meningitis, TPM has revealed an important contribution of myelomonocytic cells to the disruption of the blood-CSF barrier and the fatal accumulation of fluid (or edema) within the subarachnoid space. Importantly, this leakage is not just confined to the meninges. Confocal analyses of intravenously injected Evans blue revealed the presence of the dye several layers down into the brain parenchyma (Fig. 2d) . This indicates disruption of the BBB and defines a novel mechanism by which meningeal inflammation can alter the activity (or integrity) of cells residing in the brain parenchyma (Ransohoff 2009 ).
In conclusion, LCMV meningitis remains as a classic CTL-dependent disorder. The data supporting a requirement for CTL in this model are irrefutable. However, our recent findings, revealed in part by illuminating the brain surface with TPM, offer an interesting twist on the mechanism underlying this classic disorder. During LCMV-induced meningitis, the contribution of CTL effector mechanisms to disease pathogenesis is likely outweighed by their ability to rapidly recruit innate immune cells, which then induce fatal vascular injury. Pathogenic links between T cells and innate immune cells undoubtedly exist in other inflammatory situations such as autoimmunity (Carlson et al. 2008) , obesity (Nishimura et al. 2009 ), and peripheral infections (Muller et al. 2009 ). Presently, the exact mechanism by which myelomonocytic cells injure CNS bloods vessels during LCMV meningitis is unknown; however, there is a wealth of knowledge (see recent review (DiStasi and Ley 2009)) showing how neutrophils adhere to endothelial cells and induce vascular breakdown in other inflammatory contexts (Atherton and Born 1972; Florey and Grant 1961; Hammerschmidt et al. 1981; Hoover et al. 1978; Humphrey 1955; Issekutz 1981; Marchesi and Florey 1960) . For example, neutrophil-endothelial cell interactions can alter adheren junctions and tight junctions through decreased association of VE-cadherin with β-catenin and plakoglobin as well as diminished expression occludin and ZO-1 (Bolton et al. 1998; Del Maschio et al. 1996) . Neutrophil release of heparin binding protein (HBP/ azurocidin) was also shown to induce endothelial signaling and subsequent actin cytoskeletal rearrangements that are thought to generate inter-endothelial gaps (Gautam et al. 2000; Gautam et al. 2001) . Additionally, neutrophils can elicit endothelial cytotoxicity through the combined release of elastase and H 2 O 2 (Lentsch and Ward 2000) . Less is known about the potential mechanisms underlying monocyte/macrophage induced vascular leakage. It is conceivable that release of proinflammatory cytokines and chemokines (e.g. CCL2) by monocytes/macrophages alters endothelial barrier function (Angelini et al. 2006; Brett et al. 1989; Dimitrijevic et al. 2006; Gertzberg et al. 2007; Goldblum et al. 1989; Martinez-Estrada et al. 2005; McKenzie and Ridley 2007; Ozaki et al. 1999; Stamatovic et al. 2006; Stamatovic et al. 2003; Stamatovic et al. 2009; Stamatovic et al. 2005; Stolpen et al. 1986 ). Further research is required to determine whether established mechanisms or novel mediators are used by monocytes/macrophages to induce vascular breakdown. It will also be important to identify the relative contributions and precise mechanisms used by both neutrophils and monocytes/macrophages to injure CNS vasculature during LCMV meningitis.
Concluding Remarks
The CNS is a fragile compartment that is relatively intolerant of abrupt changes associated with infection and immune cell invasion. While some pathogens that access the CNS may go unnoticed, host immune surveillance is usually adept enough to quickly detect invading microbes despite anatomical isolation of the CNS behind the BBB and blood-CSF barriers. Immune cells have the capacity to purge a persistent viral infection from the CNS without causing significant tissue injury. A case in point is the immunotherapeutic clearance of a persistent LCMV infection. Adoptive transfer of memory T cells into mice persistently infected from birth with LCMV results in CNS viral clearance over a three month period with no overt signs of neurological dysfunction (Lauterbach et al. 2006; Oldstone et al. 1986 ). This outcome demonstrates that severe vascular injury, seizures, and death are not an inevitable consequence of T cell-mediated clearance of LCMV from the CNS. It is possible for the immune system to purge a pathogen from the CNS in a minimally injurious manner. Thus, it is important to delineate the factors that give rise to pathogenesis in the CNS following infection.
It clear, and perhaps not surprising, that the virulence of the invading infectious agent plays a big part in pathogenicity. This is best exemplified by the viruses that induce hemorrhagic fevers. Pathogens that are not well equilibrated with their host and replicate rapidly are likely to "shock" the immune system, disabling certain compartments while massively stimulating others. Viral hemorrhagic fevers are usually associated with immediate induction of cytokine release by innate immune cells. This can overwhelm the host giving rise to a variety of systemic complications including vascular leakage. Cerebral malaria is another good example of how the pathogen itself can contribute significantly to a negative outcome in the CNS. Microvascular sequestration of parasitized red blood cells directs the resultant immune response toward CNS blood vessels. Because both the parasitized red bloods cells and immune cells have the potential to mediate vascular injury, this is an equation for disaster. The same is true for LCMV-induced meningitis. Interestingly, LCMV alone does not induce any cytopathology in the CNS; however, when injected intracerebrally it replicates primarily in cells comprising the meninges and blood-CSF barrier. This pattern of replication directs a massive immune attack toward a system that serves has a protective barrier from the periphery. Breaches in this protective barrier can be tolerated in small doses without detriment to the CNS, but a large coordinated immune attack pushes the system beyond its capacity, resulting in severe neurological complications, and, in the case of LCMV meningitis, death. There are certainly commonalities in the pathways that result in CNS vasculature injury following infection, which include the release of proinflammatory cytokines, chemokines, and other soluble mediators. Leukocyte extravasation can also significantly alter inter-endothelial junctional integrity resulting in CNS vascular breakdown. Understanding precisely how CNS endothelial cells are compromised during microbial pathogenesis is essential for developing appropriate therapeutics to prevent extensive CNS vascular breakdown and subsequent neuronal dysfunction during disease.
